Objective-Recently, we have shown that shear stress regulates the angiogenic potential of endothelial cells in vitro by an Angiopoietin-2 (Ang2)-dependent mechanism; however its pathophysiological significance in vivo was not clear. We hypothesized that Ang2 plays an important role in blood flow recovery after arterial occlusion in vivo by regulating angiogenesis and arteriogenesis. Methods and Results-C57Bl/6J mice underwent femoral artery ligation and were injected with a specific Ang2 inhibitor, L1-10, or vehicle for 10 days. Ang2 mRNA was upregulated at day 2, and Ang2 protein was upregulated at day 2, 5, and 7 in the ligated hindlimb. L1-10 treatment significantly blunted blood flow recovery. L1-10 decreased smooth muscle cell coverage of neovessels without affecting capillary density, suggesting a specific role for Ang2 in arteriogenesis. Mechanistically, L1-10 decreased expression of intercellular and vascular cell adhesion molecules as well as infiltrating monocytes/macrophages in the ischemic tissue. Although L1-10 had no effect on the number of CD11bϩ cells (monocytes/macrophages) mobilized in the bone marrow, it maintained elevated numbers of circulating CD11bϩ cells in the peripheral blood. Conclusions-These results suggest that Ang2 induced in ischemic tissue plays a critical role in blood flow recovery by stimulating inflammation and arteriogenesis. (Arterioscler Thromb Vasc Biol. 2008;28:1989-1995 
N eovascularization, or blood vessel formation, plays an important role in normal physiology as well as in pathophysiology. In particular, neovascularization plays a role in diseases involving ischemia, including tumors, atherosclerotic plaques, and ischemic heart disease. 1 Therefore, understanding the mechanisms of neovascularization and the ability to control neovascularization could be important in developing therapies for these diseases. The two main forms of neovascularization in the adult are angiogenesis and arteriogenesis. 1 Angiogenesis is the formation of new blood vessels from preexisting blood vessels, whereas arteriogenesis is the enlarging of existing blood vessels to form collaterals and the recruitment of vascular smooth muscle cells (VSMCs). 1 The exact molecular mechanisms that drive neovascularization remain unclear.
Numerous factors are thought to be involved in neovascularization, including ischemia, inflammation, and the secretion of growth factors. 1 We have recently identified Angiopoietin-2 (Ang2) as a mechano-sensitive protein involved in shear stress-mediated tubule formation and migration of endothelial cells in vitro. 2 However, the role of Ang2 in neovascularization in vivo remains controversial and needs to be clarified. 3, 4 In human diseases, Ang2 has been found to be upregulated within neovessels of advanced atherosclerotic lesions as compared to early lesions. 5 In addition, Ang2 was upregulated in an animal model of myocardial ischemia. 6 In both advanced atherosclerosis and myocardial ischemia, hypoxia and inflammation are present. 7, 8 In particular, monocytes/ macrophages have been shown to play an integral role in collateral formation during ischemia. 9,10 Therefore, we hypothesized that Ang2 plays an important role in blood flow recovery during ischemia through the modulation of angiogenesis, arteriogenesis, and inflammation. To test this hypothesis, we used a mouse model of hindlimb ischemia to examine the role of Ang2 in blood flow recovery as well as angiogenesis and arteriogenesis in response to ischemia. From this, we demonstrate that Ang2 plays an important role in blood flow recovery during ischemia through the formation of collaterals and the recruitment of inflammatory cells. These findings implicate Ang2 as an important factor in regulating ischemic diseases, and Ang2 may provide a possible link between blood vessel formation and inflammation.
Methods
For expanded methods and results please see the supplement available at http://atvb.ahajournals.org.
Hindlimb Ischemia Model
Male C57Bl/6J mice (Jackson Laboratory) were used at 6 to 8 weeks of age. All protocols were approved by the Institutional Animal Care and Use Committee and done in accordance with federal guidelines on the principles for the care and use of animals in research. Hindlimb ischemia surgery was performed as previously described by us. 11 L1-10 (4 mg/kg), an FC-fusion protein Ang2 specific inhibitor (Amgen), vehicle (PBS), or IgG 1 -FC control (R&D systems) was injected subcutaneously every other day starting with 1 day before surgery.
Real-Time Quantitative Polymerase Chain Reaction, Shear Studies, Matrigel Tubule Formation Assay, Preparation of Tissue/Cell Lysates, and Immunoblotting
Experiments were performed as previously described. 2
Whole Mount Immunohistochemistry
On day 2, 5, 7, or 10 after surgery, the animal was euthanized by CO 2 inhalation and pressure fixed with 10% formalin. The adductor muscle was removed and incubated overnight at 4°C with primary antibody, then incubated with fluorescently tagged secondary antibody for 4 hours. The whole tissue was imaged using a LSM 510 Meta confocal microscope (Zeiss). Antibodies used were: PECAM-1 (Chemicon), Ang2 (Santa Cruz), smooth muscle ␣-actin-fluorescein isothiocyanate (Sigma), and CD11b (BD Biosciences).
Laser Doppler Perfusion Imaging
Laser doppler perfusion imaging (LDPI) was performed as previously described. 11
Flow Cytometric Cell Analysis
Total bone marrow (BM) and peripheral blood (PB) cells were obtained and subjected to red blood cell lysis buffer (Roche Diagnostics) according to the manufacturer's instruction. Single cell suspensions of BM and PB cells were stained with PE-conjugated CD11b antibody (BD Biosciences) and analyzed using BD LSRII system. FACS data were analyzed with Flowjo (Tree Star Inc) using controls with isotype-matched IgG.
Statistical Analysis
Data are reported as averageϮSEM obtained from at least 3 independent studies. Statistical significance (PϽ0.05) was assessed by Student t test as well as 1-way ANOVA followed by Bonferroni test for comparisons over a time-course within the same group.
Results

Ang2 Is Upregulated in the Ischemic Hindlimb Whereas Ang1 Is Not
To investigate the role of angiopoietins in neovascularization, we examined the expression of Ang1 and Ang2 in the mouse hindlimb after femoral artery ligation. The adductor muscle was collected for mRNA 2, 5, or 7 days after hindlimb ischemia surgery. Real-time quantitative PCR revealed that Ang2 mRNA was upregulated 7-fold in the ischemic adductor muscle compared to the contralateral nonischemic control adductor on day 2, but returned to equivalent values on day 5 and day 7 ( Figure 1A ), suggesting an early role for Ang2 in hindlimb ischemia. In contrast, Ang1 mRNA levels were not significantly different between the ischemic and nonischemic adductor muscle ( Figure 1B ). C-fms mRNA, a macrophage marker, was upregulated in the ischemic adductor on day 2, 5, and 7, with day 7 starting to decline back to normal levels ( Figure 1C ), suggesting a role for macrophages in hindlimb ischemia recovery.
Whole mount immunostaining of the mouse adductor muscle was performed for PECAM-1 and Ang2 protein expression ( Figure 1D ). PECAM-1 staining for endothelial cells revealed blood vessels in the nonischemic control that align parallel to the muscle fibers ( Figure 1D ). The ischemic adductor muscle had increased PECAM-1 staining intensity and a slight increase in blood vessel density compared to the nonischemic control ( Figure 1D ). By day 7, blood vessels in the ischemic adductor muscle are larger in diameter ( Figure  1D ). Ang2 protein expression was upregulated in the ischemic adductor muscle on day 2, 5, and 7, suggesting that Ang2 protein expression lags behind mRNA expression ( Figure 1D ).
L1-10 Inhibits Both the Antagonist and Agonist Roles of Ang2
To investigate the specific role of Ang2 in neovascularization, we used an FC-fusion peptide called L1-10, which is a specific inhibitor of Ang2 binding to its receptor, Tie2. L1-10 is a related compound to L1-7, which was used in previous studies and shown to be a specific inhibitor of Ang2. 12 When measuring the neutralization of the angiopoietin:Tie2 interaction, L1-10 showed Ͼ1000-fold selectivity for Ang2 over Ang1 (personal communication with Amgen, 2008). To further confirm the inhibitory effects of L1-10 on Ang2, we examined the phosphorylation of Tie2 by Ang2 binding both in vitro and in vivo. Ang2 is known to phosphorylate Tie2 when used at high concentrations, in vitro. 13 In vivo, however, Tie2 has been shown to block Tie2 phosphorylation. 3 Therefore, we examined the ability of L1-10 to block the Ang2:Tie2 interaction both in vitro and in vivo. HUVECs were treated with control, Ang1, Ang2, or L1-10, and the phosphorylation of Tie2 was examined. Ang2 stimulated Tie2 phosphorylation at concentrations of 800 ng/mL which was blocked by L1-10 ( Figure 2A ). However, L1-10 did not block Ang1-induced phosphorylation of Tie2 (Figure 2A ). Total Tie2 levels were unaffected. To examine the functional role of L1-10, we examined its effect on shearmediated tubule formation. Previously, we showed that oscillatory shear stress (OS) mediated tubule formation through a mechanism dependent on Ang2, but not Ang1, in endothelial cells. 2 We found that L1-10 inhibited OS-mediated tubule formation of HUVECs ( Figure 2B ), suggesting that L1-10 inhibits the functional role of Ang2 in vitro.
To examine the effect of L1-10 on the Ang2:Tie2 interaction in vivo, we performed tail vein injection of 20 g Ang2 with or without L1-10 and examined Tie2 phosphorylation in the adductor muscle. In basal state, Tie2 in mouse vasculature is known to be constitutively phosphorylated. 14 We found similar findings in the adductor muscle when mice were injected with vehicle control ( Figure 2C ). Tail vein injection of Ang2 caused a significant decrease in Tie2 phosphorylation, suggesting that in vivo Ang2 acts as an antagonist of Tie2 signaling ( Figure 2C ). When Ang2 was injected with L1-10, Tie2 phosphorylation was significantly rescued, thereby blocking the Ang2 antagonism of Tie2 phosphorylation ( Figure 2C ). We found that L1-10 had no effect on VEGFR-2 signaling in endothelial cells or PDGFR-␤ signaling in aortic smooth muscle cells (supplemental Figure I) , confirming its specificity for Ang2.
Ang2 Inhibition Impairs Blood Flow Recovery After Femoral Artery Ligation
To investigate the in vivo role of Ang2 in neovascularization after ischemia, we investigated the effect of inhibiting Ang2 on blood flow recovery and vascular remodeling after femoral artery ligation. We found that inhibiting Ang2 by treatment with L1-10 significantly impaired blood flow recovery in the ischemic hindlimb on days 5 and 7 postsurgery when compared to vehicle and FC control as shown by LDPI measurements (Figure 3 ). FC control had no effect compared to vehicle control. Therefore, vehicle was used as the control for all subsequent experiments and FC was only examined at the 10-day time point.
Ang2 Inhibition Blocks Arteriogenesis
To examine how Ang2 inhibition impaired blood flow recovery, we examined blood vessel formation in the ischemic adductor muscle. The adductor muscle was isolated and whole mount immunostained for PECAM-1, an endothelial cell specific marker, and smooth muscle ␣-actin (SMA), a VSMC marker. Because arteriogenesis is the formation of collaterals requiring the participation of VSMCs, we denoted PECAM-1-positive vessels covered with VSMCs as a marker of arteriogenesis. We found that on day 7 and day 10, there was no significant difference in the VSMC-free blood vessels (capillaries), between the Ang2 inhibitor-treated and vehicletreated ischemic adductor muscles ( Figure 4 ). Although the morphology looked slightly different, with L1-10 -treated vessels being less tortuous, the overall capillary density did not change. However, on days 7 and 10, L1-10 treatment significantly blunted arteriogenesis as determined by the decrease in the density of VSMC-covered blood vessels in the ischemic adductor muscle as compared to vehicle control ( Figure 4 ). On day 10, L1-10 treatment significantly decreased arteriogenesis in the ischemic adductor muscle as compared to FC control, similar to vehicle control results ( Figure 4B ). These results suggest that Ang2 improves blood flow recovery via arteriogenesis or collateral formation. 
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Ang2 Inhibition Reduces Inflammatory Cell Infiltration
Because monocytes/macrophages are known to play an important role in hindlimb ischemia and we found them upregu-lated in our model ( Figure 1C) , we investigated the effects of Ang2 inhibition on monocyte/macrophage infiltration during hindlimb ischemia. The ischemic adductor muscle was isolated and whole mount immunostained for PECAM-1 and CD11b, a common marker of macrophages and sometimes neutrophils. On day 7 and day 10 after hindlimb ischemia surgery, Ang2 inhibition significantly decreased the number of CD11b ϩ cells in the ischemic adductor muscle as compared to vehicle control ( Figure 5 ), suggesting that Ang2 inhibition reduces inflammatory cell infiltration. FC controltreated group was not significantly different from that of vehicle ( Figure 5B ).
Ang2 Inhibition Reduces ICAM-1 and VCAM-1 Expression After Hindlimb Ischemia
To identify a mechanism for the decrease in infiltration of CD11b ϩ cells in the ischemic tissue of L1-10 -treated mice, we first examined the expression of the adhesion molecules ICAM-1 and VCAM-1. Using real-time PCR, we found that on day 3 after ligation the L1-10 treated mice had significantly less ICAM-1 and VCAM-1 mRNA expression in the ischemic adductor muscle ( Figure 6A and 6B) . These findings suggest that L1-10 inhibits monocyte infiltration into the tissue by downregulating ICAM-1 and VCAM-1 expression.
Ang2 Inhibition Maintains Elevated Number of CD11b ؉ Cells in Circulation After Femoral Artery Ligation
To examine whether Ang2 and L1-10 had any effect on the numbers of monocytes mobilized in bone marrow (BM) and circulating in peripheral blood (PB), the number of CD11b ϩ Figure 2 . L1-10 inhibits both the agonist and antagonist roles of Ang2. A, HUVECs were treated with 800 ng/mL of Ang1 or Ang2Ϯ10 g/mL L1-10 for 15 minutes. Cell lysates were used for Western analysis. B, Conditioned media collected from HUVECs that were exposed to laminar shear (LS, 15 dyn/cm 2 ), oscillatory shear (OS, Ϯ5 dyn/cm 2 ), or static control (ST) for 24 hours were added to HUVECs in a Matrigel tubule formation assay. Shown are representative images, and tubule length was quantified and normalized to percent ST. C, Mice were injected via tail vein with vehicle or 20 g Ang2ϮL1-10. After 30 minutes, the adductor muscle lysates were prepared for Western analysis with antibodies to phospho-Tie2, Tie2, and ␤-actin (see Supplemental Figure IC cells in BM and PB were determined by FACS. After the femoral artery ligation, the numbers of CD11b ϩ cells were significantly increased in both BM and PB at day 2 postsurgery ( Figure 6C and 6D) . In the BM, the increase of CD11b ϩ cells was sustained until day 7 in both vehicle and L1-10treated mice ( Figure 6C ). In PB, whereas the increase of CD11b ϩ cells returned to normal at day 5 in vehicle-treated mice, the increase was sustained up to day 7 in L1-10 -treated mice ( Figure 6D ).
Discussion
The novel findings of this study are: (1) Ang2 is upregulated at early time points in the mouse ischemic hindlimb both at the mRNA level and protein level, (2) the Ang2:Tie2 interaction is specifically inhibited by L1-10, both in vitro and in vivo, and (3) L1-10 inhibits shear-mediated tubule formation in vitro. In the mouse femoral artery ligation model, L1-10 treatment (4) impairs blood flow recovery in the ischemic hindlimb, (5) inhibits collateral formation as indicated by VSMC coverage of neovessels, (6) inhibits ICAM-1 and VCAM-1 expression as well as infiltration of CD11b ϩ cells in the ischemic adductor muscle, (7) does not affect the number of CD11b ϩ cells in the bone marrow, and (8) maintains elevated levels of CD11b ϩ cells in peripheral blood for 7 days after ischemia. Collectively, these findings suggest that the upregulation of Ang2 after mouse femoral artery ligation plays an important role in blood flow recovery by stimulating the expression of ICAM-1/VCAM-1 and the infiltration of monocytes/macrophages into the ischemic tissue as well as the coverage of capillary endothelial cells with VSMCs. However, it does not appear to play a significant role in the mobilization of monocytes from the bone marrow.
It has been found that Ang1 is involved in vessel stabilization, whereas Ang2 is involved in vascular remodeling and vessel destabilization. 15 However, the complex role of Ang2 in vascular remodeling still remains unclear. We previously found that Ang2 was upregulated by oscillatory shear in endothelial cells in vitro, 2 but it was not clear whether Ang2 expression would change in response to a sudden occlusion of blood flow in vivo and whether it plays a critical role in blood flow recovery in ischemic tissue. Here, we used femoral artery ligation in C57Bl/6J mice to test this hypothesis. Our results show that Ang2 is produced in ischemic vessels (most likely from endothelial cells) after femoral artery ligation, which is known to cause disturbed or reversed shear stress in collaterals. 16 Ang2 has been previously found to be induced by hypoxia in endothelial cells both in vitro and in vivo, 17 suggesting that Ang2 plays an important role in hypoxia-and ischemia-induced vascular remodeling. The presence of ischemia coupled with disturbed fluid shear stress could be possible mechanisms by which Ang2 is upregulated during hindlimb ischemia.
We found that inhibiting Ang2 impaired blood flow recovery in the ischemic hindlimb, suggesting that Ang2 is necessary for collateral formation after arterial occlusion. However, the role of Ang2 in hindlimb ischemia is somewhat conflicting. Recently, Reiss et al found that transgenic overexpression of Ang2 in endothelial cells impaired revascularization during hindlimb ischemia. 3 However, the same authors previously reported that Ang2 promotes neovessel formation during cerebral ischemia. 4 They concluded that the dose of Ang2 is a critical determinant of whether there is vessel growth or regression. 3 We speculate that perhaps a physiological and transient upregulation of Ang2 can stimulate revascularization, as seen in our hindlimb ischemia model. In contrast, supraphysiological amounts or excessive duration of Ang2 exposure could cause chronic inflammation or continued vessel destabilization, promoting vessel regression and vascular leakage. 15, 18, 19 Our finding that Ang2 mRNA expression is transiently upregulated further supports the initial role of Ang2 in neovascularization.
The reduced reperfusion in mice treated with L1-10 could be attributable to inhibited recruitment and proliferation of VSMCs. Mice deficient in Ang2 tend to be lethal within two weeks after birth because of postnatal defects in vascular growth. 20 However, the few that survive show defects in pericyte and smooth muscle cell recruitment in lymphatic vessels, 21 implicating Ang2 as an important regulator of smooth muscle cell recruitment. Whereas L1-10 had an inhibitory effect on smooth muscle cell coverage of endothelial cells, implicating it in collateral formation or arteriogenesis, L1-10 did not show a significant effect on capillary density in our model. This suggests that Ang2 mediates blood flow recovery mainly through arteriogenesis without affecting angiogenesis. It has been reported that the majority of blood flow recovery during hindlimb ischemia is achieved by arteriogenesis and not angiogenesis. 22 Therefore, the decrease in blood flow recovery in mice treated with L1-10 is most likely mediated by decreased arteriogenesis.
We found that Ang2 inhibition reduced monocyte/macrophage infiltration into the ischemic hindlimb. To identify a mechanism for the reduced inflammatory cells in L1-10treated mice, we examined the expression of the important adhesion molecules, ICAM-1 and VCAM-1. Tie2 activation leads to the recruitment of A20-binding inhibitor of nuclear factor-B (ABIN-2), which inhibits the NF-B pathway, 23 and it has been found that Ang2 interferes with Tie2 phosphorylation resulting in activation of the NF-B pathway and ICAM-1 and VCAM-1 expression. 19 In our in vivo model, we found that Ang2 blocked Tie2 activation and that inhibiting Ang2 resulted in decreased ICAM-1 and VCAM-1 expression, most likely through the inhibition of the NF-B pathway. Therefore, during ischemia the increased Ang2 may block Tie2-mediated inhibition of NF-B, resulting in increased ICAM-1 and VCAM-1 expression and the subsequent monocyte adhesion. In addition, there is evidence that Ang2 can act as a chemoattractant for Tie-2 ϩ monocytes, 24 suggesting that Ang2 could also be recruiting monocytes in addition to promoting adhesion and infiltration.
To further investigate the link between Ang2 and monocytes, we examined the effect of Ang2 inhibition on bone marrow-derived and circulating CD11b ϩ cells. We found that compared to vehicle, L1-10 had no effect on the number of CD11b ϩ cells in the BM. However, both vehicle-and L1-10 -treated mice had an increase in CD11b ϩ cells 2 days after ischemia in the peripheral blood. Whereas CD11b ϩ cells declined in vehicle-treated mice at day 5 and day 7, L1-10treated mice had continually elevated CD11b ϩ cells within the PB. During ischemia, CD11b ϩ cells may home to the ischemic area and induce arteriogenesis. L1-10 may block the migration of circulating CD11b ϩ cells into the ischemic tissue through reduced ICAM-1 and VCAM-1 expression, which results in maintained elevated levels of CD11b ϩ cells in the PB and decreased CD11b ϩ cells in the tissue. Our interpretation is further supported by our findings that L1-10 decreases CD11b ϩ cells in the tissue and decreases ICAM-1 and VCAM-1 expression.
Heil et al found that mice deficient in CCR2, a receptor important for monocyte binding, had impaired blood flow recovery and collateral formation attributable to reduced monocyte migration into the tissue. 10 Monocytes and macrophages seem to play a critical role in vascular wall remodeling by degrading the extracellular matrix, and the degradation products may promote the proliferation of VSMCs. Growth factors released by macrophages, such as FGF-2, have been shown to also promote the proliferation of VSMCs. 9 Therefore, the inhibited arteriogenesis and collateral formation seen in L1-10 -treated mice could be as a result of the decreased inflammation.
An interesting area of future study would be to examine the role of endothelial progenitor cells (EPCs) in Ang2-mediated neovascularization. Ang2 has been found to promote the angiogenicity and migration of EPCs and therefore could be playing a role in the mobilization of EPCs to the ischemic tissue, contributing to the neovascularization. 25 In conclusion, we found that Ang2 plays an important role in blood flow recovery and reperfusion after an artery occlusion, and this was mediated through arteriogenesis and the recruitment of inflammatory cells to the ischemic area. Elucidating the role of Ang2 in neovascularization could be important in understanding ischemic diseases. In particular, the spatial and temporal controlled expression of Ang2 could have novel therapeutic applications for diseases involving impaired blood vessel formation.
